It is well established that the expression of simian virus 40 (SV40) early gene products causes oncogenic transformation of rodent cells. An important aspect of this process is the inactivation of the p53 and retinoblastoma (pRb) tumour suppressor proteins through interaction with the SV40 large tumour antigen (LT). In addition, the SV40 small tumour antigen (ST) may enhance LT induced transformation. Here we show that LT induces apoptotic cell death in rat embryo ®broblast (REF) cells and that ST functions to inhibit this eect by a mechanism which is dierent from other known anti-apoptotic proteins. Mutational analysis of LT indicates that mutants defective in the pRb-binding domain are unable to induce apoptosis whereas LT mutants defective in the p53-binding domain are still competent to induce apoptosis. Thus, interaction between LT and one or more pRb family members must occur for induction of apoptosis and that binding of p53 by LT is insucient to inhibit LT induced apoptosis in REFs. The data presented herein suggest that the anti-apoptotic function of ST may explain, at least in part, how ST contributes to SV40 early region induced transformation of REF cells.
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Many studies have shown that the early region of the SV40 viral genome is necessary for cell transformation (reviewed in Manfredi and Prives, 1994) . This region encodes the T (tumour) proteins, large T antigen (LT), small T antigen (ST) and 17kT. These are all generated by alternative splicing such that LT, ST and 17kT have identical N-termini but dier in their C-termini (Paucha et al., 1978; Jog et al., 1990; Zerrahn et al., 1993) .
Numerous studies have reported that expression of LT alone is both necessary and sucient for cell transformation (Kriegler et al., 1984; Brown et al., 1986; Jat et al., 1986) . ST cannot transform cells alone, although it may enhance the eciency with which transformation occurs (Bouck et al., 1978; Bikel et al., 1986; Fanning, 1992) and it can complement a LT mutant deleted for the N-terminal 82 amino acids (Montano et al., 1990) . There is also evidence that 17kT can transform cells independently of LT (Zerrahn et al., 1993) . Thus, notwithstanding any additional roles played by ST and 17kT in transformation, all studies agree that LT is most important.
In addition to its transforming properties, LT also appears to cause apoptosis. This has been demonstrated in a number of studies using both LT transgenic mice (Fromm et al., 1994; Naik et al., 1996; Al-Ubaidi et al., 1997) and cultured cells (Yanai and Obinata, 1994; Chen et al., 1998; Endo and NadalGinard, 1998) . Thus, transformation using LT must also involve a process that prevents apoptosis (Srinivasan et al., 1994; Naik et al., 1996) . In some cases this would occur by LT binding p53 and inactivating its apoptotic ability. However, we noticed previously that although transformed foci were readily obtained after transfection of rat embryo ®broblasts (REFs) with a plasmid containing the entire SV40 early region , we consistently obtained very few foci using a plasmid encoding LT (unpublished data). We therefore hypothesized that LT induces apoptosis in REFs, which is independent of p53, and that foci occur more readily with genomic SV40 DNA because another early region protein inhibits apoptosis. This paper investigates the mechanism of LT induced apoptosis in REFs and provides the ®rst evidence that ST has anti-apoptotic activity.
Results
In order to analyse the transforming potential of LT, we transfected REFs with plasmids expressing the entire SV40 early region (genSV40) or LT+17kT (LT). Cells were cultured for 20 ± 24 days post transfection, then ®xed and stained. The results of twelve independent experiments showed that although an average number of 25 foci were clearly evident in dishes transfected with genSV40, only ®ve were detectable in dishes transfected with LT. These results suggested that LT inhibits REF cell transformation, despite being able to bind both pRb and p53 (Hansen, 1995) , and that something else in the SV40 early region (i.e. expressed from genSV40) overcomes this inhibition.
To determine whether the failure of LT to form foci is because it induces cell death/apoptosis or an arrest of cell growth, a colony forming assay was carried out. REFs were transfected as above, except that a plasmid conferring resistance to the neomycin/kanamycin family of antibiotics (CMVneo) was included with the transforming plasmids in the transfection mixture. Cells were then cultivated in the presence of the neomycin analogue G-418 for 21 days after which time antibiotic resistant (G-418 1 Figure 1 Overexpression of LT in rat embryo ®broblasts (REFs) causes cell death. (a) Colony formation assay after transfecting REFs with genSV40, LT or neo/pBR322 and selection with the G-418 antibiotic. REFs were prepared (Bellett and Younghusband, 1979) and maintained in DMEM (4.5 mg/ml glucose) with 10% foetal bovine serum (FBS). 1.2610 5 third passage REFs were seeded into 35 mm dishes and after 18 h were transfected with LipoFECTAMINE 2 (GIBCO ± BRL). This procedure involved incubation of REFs at 378C with 2 mg of plasmid DNA encoding dierent transforming genes, CMVneo (0.2 mg) to selectively permit survival of transfected cells in the presence of G-418 (Southern and Berg, 1982 ) and 3 ml LipoFECTAMINE 2 in a mixture of Opti-MEM (GIBCO ± BRL) and antibiotic-free DMEM in 10% FBS. The medium was replaced after 5, 24 and 48 h. REFs were then maintained in medium containing 200 mg/ml G-418 (GIBCO ± BRL) for 21 days. Cells were ®xed and stained with 0.1% crystal-violet in 20% ethanol. (b) Quantitation of cell survival by determination of the average number of colonies (left) or single cells (right) from three dierent experiments. (c) Transient transfection of LT in REFs leads to formation of apoptotic bodies. REFs were transfected with genSV40, LT or neo/pBR322 and 2 days later ®xed with methanol at 7208C for 10 min. Cells were then incubated with 400 mM Phosphate/0.2% DAPI (4', 6'-diamidino-2-phenylindole dihydrochloride), pH 7.7, at room temperature for 10 min then analysed by UV-light microscopy. About 5% of transfected cultures with LT showed apoptotic bodies with cells in most microscopic ®elds showing such a phenotype. A representative ®eld is shown for each. Plasmids: Genomic SV40 early region was subcloned from the RSV-T plasmid (Sakamoto et al., 1993) into pRcCMV that had been digested with HindIII and BamHI (which deletes the neo 1 gene), generating genSV40. PRcCMV constructs encoding LT (also including 17kT) or ST were generated by replacing EcoNI fragments with EcoNI fragments from previously constructed pRSV-LT and pRSV-ST vectors (Zahra, 1995) . CMVneo (referred to as neo/pBR322 in the text) has been described (Braithwaite et al., 1987) Inhibition of apoptosis by small T antigen T Kolzau et al and stained. A typical result is shown in Figure 1a as well as the quantitation from this and two other experiments (Figure 1b ). These data demonstrate that, as for the focus assay, the constructs expressing LT and CMVneo (neo/pBR322) generated very few G-418 1 colonies (mean=2 and 4 respectively) whereas many large colonies were formed with genSV40 (mean=94). These results suggest that LT (and/or 17kT) either causes a severe restriction on the growth of transfected REFs such that clonal expansion of G-418 1 cells does not occur; or that they induce cell death. However, the absence of even single surviving cells in the dishes transfected with LT compared to neo/pBR322 (Figure 1b , right-hand panel), suggest that LT induces cell death and not an arrest of cell growth.
Consistent with this interpretation, DAPI staining showed formation of apoptotic bodies in cells transfected for 2 days with LT, which was not observed in cells transfected with neo/pBR322 or genSV40 (Figure 1c) . Similar results with all transfected constructs were obtained at 1 day and 4 days post transfection (data not shown).
We conclude that LT induces apoptosis in REFs and that another early region protein protects from cell death. The only known candidate is ST. We therefore tested whether expression of ST has anti-apoptotic activity.
REFs were transfected with genSV40, LT and also with a construct expressing ST alone and a colony assay carried out as above. As controls we also used plasmids encoding the adenovirus E1A proteins which induce apoptosis and E1B19kD which blocks apoptosis (Debbas and White, 1993; Hansen et al., 1995; Marcellus et al., 1996) and neo/pBR322. Quantitation of the results of three independent experiments are shown in Figure 2 . These show that LT and E1A failed to form colonies whereas genSV40 and E1A+E1B19kD caused a number of G-418 1 colonies to form as expected. In addition, inclusion of a construct expressing ST along with LT caused a marked increase in colony frequency. Thus, ST can stimulate colony formation when coexpressed with LT but not by itself.
As well as using a colony assay, transient transfections and DAPI staining (as for Figure 1c) showed that E1A and LT caused apoptotic bodies to form in cells in most ®elds examined, consistent with an induction of apoptosis, whereas genSV40 and inclusion of ST along with LT, inhibited this phenotype (data not shown). Thus the failure by LT to form colonies is due to an induction of apoptosis and ST prevents this, thereby allowing clonal expansion.
Structural comparison of ST with two other wellstudied anti-apoptotic proteins, E1B19kD and Bcl-2, using the Clustal W amino acid sequence alignment programme failed to show any convincing homologies (data not shown). This suggests that inhibition of LT induced apoptosis by ST, may occur through a distinct pathway. If this is the case, apoptosis induced by other agents should not be blocked by ST and conversely, apoptosis induced by LT should not be blocked by other anti-apoptotic gene products. We therefore investigated whether LT induced apoptosis was inhibited by Bcl-2, E1B19kD or a dominant-negative p53 mutant (p53ct, Hansen et al., 1995) . Quantitation of the results of three colony assays (Figure 3a) showed that LT induced apoptosis was blocked by ST as was shown above, and by p53ct, but it was not blocked by Bcl-2 or E1B19kD, although E1B19kD blocked the apoptosis induced by E1A (Figure 2 ), as did Bcl-2 and p53ct . Thus, the cell death pathway induced by LT may involve p53 but is independent of the targets with which E1B19kD and Bcl-2 interact.
The converse experiment was also carried out to determine whether ST inhibits other proteins that induce apoptosis. To this end, ST was co-transfected along with constructs encoding E1A and wild-type mouse p53. The results showed that although ST inhibited the apoptosis induced by LT, it did not inhibit apoptosis induced by wild-type p53 and E1A (Figure 3b ).
These data suggest that LT induces apoptosis in REFs via a pathway that is at least partially distinct from that utilized by E1A. The strong rescue observed with p53ct indicates that p53 might play a critical role in LT mediated apoptosis, or that p53ct can act in a manner independent of its dominant negative role, as has been suggested recently for mutant p53 proteins (Li et al., 1998) .
Previous studies have shown that LT can bind the tumour suppressor proteins pRb (and related family members) and p53, both of which are known to be involved in the regulation of cell proliferation, growth arrest and apoptosis. To determine whether Figure 2 LT inhibits colony formation which can be rescued by ST. Dishes from three independent experiments were examined for the average number of colonies 21 days after transfecting REFs with vectors encoding genes as indicated. Details are as in Figure 1 . Where the ST plasmid was included in the transfection mixture, it was used at one-®fth the amount of the LT plasmid. This is similar to the physiological ratios of expression of LT : ST after transcription from genSV40 (Zahra, 1995) and virus infection (Fu and Manley, 1987) . Plasmids: pCMV-E1A and pRcCMV-E1B19k have been described previously (Hansen and Braithwaite, 1996) LT binding domains for pRb and p53 are important for the induction of cell death by LT, we analysed the eects of dierent LT mutants defective in the pRb or p53 binding domains. REFs were transfected with genSV40, LT, or LT mutants which are defective in the pRb or p53 binding domains, and a colony assay carried out. A schematic of the mutants is shown in Figure 4 as is a summary of the results of several independent experiments. These data showed that LT mutants containing a disrupted pRb binding domain all fail to induce apoptosis, whereas LT mutants, DE402 and aa147n, which are defective in p53 binding, cause apoptosis only if ST is not co-expressed, but allow colony formation if it is. These data show that an intact pRb binding domain on LT is required for the induction of apoptosis. The pRb-related proteins p107 and p130 bind to the same LT domain as pRb, but have never been shown to be involved in regulating apoptotic cell death. It is thus likely that it is the binding of pRb to LT that is critical for this eect. Our experiments also show that p53 binding to LT is not important for the induction of apoptosis. Furthermore, the data with mutant aa147n indicate that only the N-terminal 147 amino acids is necessary for cell death to occur, which implies that 17kT is also not required as the mRNA splicing necessary to generate 17kT cannot occur in this construct (Tiemann et al., 1995) .
We conclude that LT induced cell death requires the pRb binding domain of LT but not the p53-binding domain.
Discussion
Malignant transformation of cells by SV40 has been thought to require only expression of LT which must interact with key proteins that include pRb and p53 (Manfredi and Prives, 1994) to subvert normal cell cycle control. However, the studies presented herein show that although LT is necessary for both focus and colony formation in early passage REFs, it is not in itself sucient. In our experiments, expression of LT (+17kT) in REFs results in an inhibition of focus and colony formation (Figure 1 ) which we attribute to an induction of apoptosis. The evidence for this conclusion is that our LT construct not only inhibits colony formation (Figure 1a,b) , it also prevents cell survival ( Figure 1b ) and produces morphological alterations indicative of apoptosis (Figure 1c) . Thus, in REFs, LT induces apoptosis which must be inhibited in order for clonal expansion and transformation to take place. Our data show that co-expression of ST allows cell survival and colony expansion (Figure 2) , and in transient transfection assay, inhibits morphological features associated with apoptosis (data not shown). Thus ST has an anti-apoptotic activity.
Studies with LT mutants have provided some clues to the mechanism by which LT initiates a cell death pathway. LT mutants defective in the pRb binding domain all fail to cause apoptosis whereas mutants defective in the p53 binding domain retain this ability (Figure 4 ). In addition, one LT mutant expressing only the N-terminal 147 amino acids (aa147n) still causes apoptosis (Figure 4) con®rming the lack of a requirement for p53 binding, and furthermore, implying that the`apoptotic domain' is localized to the N-terminus. This result also excludes involvement of p300 which requires the LT region encompassing Figure 3 LT induced apoptosis is blocked by ST but not by Bcl-2 or E1B19kD. REFs were transfected with the indicated expression constructs and a colony assay was carried out as described above. (a) Apoptosis induced by LT cannot be blocked by the adenoviral E1B19kD or by Bcl-2, but is blocked by ST and by a C-terminal p53 fragment including amino acids 290 ± 390 (p53ct, Reed et al., 1993; Hansen et al., 1995) . (b) Apoptosis induced by E1A and wtp53 is not blocked by co-expression of ST. Plasmids: pRcCMV-Bcl-2 has been described previously (Hansen and Braithwaite, 1996) amino acids 501 ± 550 for binding (Lill et al., 1997) . Results with the aa147n mutant also imply that the apoptosis inducing product is LT and not 17kT, as this mutant would not express 17kT due to lack of alternative splicing. Thus, on the basis of the data provided, the pRb binding domain of LT is required for initiation of a cell death cascade. Such a result suggests that E2F-1, which would be displaced from pRb by LT binding, could then activate downstream eectors of apoptosis. However, this putative E2F-1 activated pathway must be independent of Bcl-2 as both Bcl-2 and adenovirus E1B19kD failed to block the apoptosis induced by LT (Figure 3a) . Conversely, co-expression of ST failed to inhibit E1A-mediated apoptosis (Figure 3b) , which is inhibitable with E1B19kD ( Figure 2 ). These data suggest that LT induced apoptosis occurs through a pathway that is at least in part dierent from E1A. In the same experiments, however, a dominant negative p53 mutant blocked LT induced apoptosis as well as ST (Figure 3a) , although ST failed to inhibit wild-type p53 induced apoptosis (Figure 3b) . LT therefore induces a death signal which probably involves the p53 pathway, but that the binding of p53 by LT which does occur in REFs (Hansen, 1995) is not sucient to block p53 dependent apoptosis, or is not functionally inactivating. The blockage of apoptosis by ST must therefore occur at a dierent step in the pathway, which is upstream of both E1A and p53.
ST has been shown to bind to the protein phosphatase, PP2A, which results in a partial inhibition of its dephosphorylation activity (Pallas et al., 1990; Yang et al., 1991) . Thus, it could be that ST inhibits apoptosis by interfering with PP2A function. As PP2A targets (amongst others) serine residues 120 and 123 on LT (Scheidtmann et al., 1991) , which are very near to the pRb binding domain on LT, it seems plausible that interfering with the dephosphorylation of these amino acids by ST could aect the interaction of LT with pRb thereby blocking LT induced apoptosis (Figure 4) . Alternatively, ST might inhibit apoptosis by providing a mitogenic signal through its ability to increase expression of proteins such as cyclin D1 and MEK1, which would stimulate cell growth through the MAP kinase pathway (Watanabe et al., 1996) . These possibilities are currently being explored.
In summary, the data in this paper show that in order for colony and focus formation to occur with SV40 in REFs, expression of both LT and ST is required. Without ST, LT induces apoptosis by a mechanism that requires the pRb binding domain but is not inhibited by binding p53. However, in the presence of ST, apoptosis is prevented by a p53 independent process, thereby allowing clonal expansion. This is the ®rst time such a function for ST has been reported.
